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Abstract

The export of ozone-poor air from the polar region following the breakup of the southern hemisphere
polar vortex is examined with a three-dimensional chemistry transport model. This volume of depleted
ozone, the result of chemical processing during the southern wintertime and springtime, is long-lived in
the lower stratosphere and can affect ozone concentrations at southern middle latitudes following its
transport out of the polar region. Two 5-year simulations were performed utilizing the NASA Langley
Research Center three-dimensional chemistry transport model. One simulation included only gas phase
and sulfate aerosol chemistry, while the second simulation also included reactions occurring on polar
stratospheric clouds (PSCs). The model-calculated seasonal variation of southern hemispheric O3,
HNO3, and active chlorine as a result of PSC chemistry is in reasonable accord with satellite
observations. The model reveals that ozone is transported equatorward following the breakup of the
polar vortex to approximately 20ÆS latitude by the first southern summer following the activation of
PSC chemistry. A residual column-integrated ozone depletion of 9% remained by the springtime of the
second year. In subsequent years, the southern ozone hole itself increased in depth from a
column-integrated depletion of 37% in the first year to 43% in the fifth year with respect to the baseline
simulation with no PSC chemistry. The isopleths of column-integrated ozone loss showed a slow
equatorward movement during the 5-year run. These model results, in general agreement with earlier
model studies using parameterized chemistry, show that a potential exists for a long-term accumulation
of ozone loss in the southern polar region and a gradual increase in the global impact of polar ozone
depletion. Comparison with satellite and ground-based observations of ozone trends at midlatitudes
suggests that ozone dilution may be a contributing factor. Experiments were performed to examine the
sensitivity of the rate of local ozone recovery following the breakup of the vortex to the depth and
spatial extent of the denitrification of polar air. These simulations revealed that deeper denitrification led
to a more persistent column-integrated ozone loss and a slight increase in its equatorward progression.
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Introduction

Observed downward trends in stratospheric ozone at
midlatitudes during the last 15 years remain poorly under-
stood [e.g.,World Meteorological Organization (WMO),
1995]. Several possible explanations (which are not neces-
sarily mutually exclusive) for these trends have been pro-
posed.Hofmann and Solomon [1989] suggested that het-
erogeneous chemical reactions on sulfate aerosols might
contribute substantially to midlatitude ozone destruction.
Observations of changes in ozone and key nitrogen species
(NO2 and HNO3) that occurred after the Mount Pinatubo
volcanic eruption in 1991 lend credence to this theory
[e.g.,Fahey et al., 1993;Hofmann et al., 1994a;Hofmann
et al., 1994b;Rinsland et al., 1994]. In a recent paper,
Solomon et al. [1996], using a two-dimensional model
[Garcia et al., 1992; Garcia and Solomon, 1994] with
time-varying aerosol burden as an input parameter, con-
clude that the aerosols enhance ozone depletion at north-
ern midlatitudes. The results from this study show sub-
stantial success in modeling the temporal evolution and
trend in the midlatitude, northern hemisphere ozone, even
though the calculated columnar changes are smaller (ap-
proximately 50%) than indicated by the total ozone map-
ping spectrometer (TOMS) O3 data. However, other stud-
ies [e.g.,Bojkov, 1993;Chandra, 1993] have argued that
these observed changes may not necessarily be a conse-
quence of increased sulfate aerosol burden following the
volcanic eruption.

An alternate explanation suggested that downward trends
in midlatitude ozone might be a consequence of polar vor-
tex processing [e.g.,Tuck, 1989; Tuck, 1992] with sub-
sequent transport to midlatitudes of air masses having
enhanced levels of reactive chlorine and depressed lev-
els of active nitrogen. A study conducted with a three-
dimensional chemistry transport model with horizontal
resolution of 2.5 degrees in longitude and 2 degrees in lat-
itude and using a simplified formulation for reactive chlo-
rine [Douglass et al., 1991;Kaye et al., 1991] indicated
that the effect is too small to explain the observed midlat-
itude northern hemisphere ozone loss. Studies of vortex
erosion and filamentation [e.g.,Waugh et al., 1994] also
suggest that this processing may not be as large as sug-
gested by A. F. Tuck. Further work needs to be done to
better quantify the magnitude of this effect.

Another explanation that relates ozone trends to po-
lar ozone depletion is the so-called “dilution effect” [e.g.,
Chipperfield and Pyle, 1988; Sze, 1989; Grose et al.,
1990;Prather et al., 1990;Cariolle et al., 1990]. The di-
lution effect is especially appealing for the southern hemi-
sphere because of the much larger and more pervasive po-

lar ozone destruction occurring during springtime in the
Antarctic region relative to that occurring in the Arctic
region. Dilution of the midlatitude air occurs as a result
of export of ozone-poor air by quasi-horizontal transport
following the breakup of the southern polar vortex dur-
ing the seasonal transition in the stratosphere. This dilu-
tion could create a deficit in ozone which might persist
for a lengthy period because of the long chemical life-
time of odd oxygen in the lower stratosphere [Brasseur
and Solomon, 1984]. If the deficit persists until the next
Antarctic spring, the effect might be cumulative and have
consequences for the global ozone budget.Atkinson et al.
[1989] concluded that anomalously low total ozone values
observed over Australia and New Zealand during Decem-
ber 1987 were the result of ozone-poor air from the polar
region being transported toward midlatitudes. Evidence
for this large-scale latitudinal mass exchange can be seen
in their potential vorticity analyses and the strong correla-
tion with the evolution of total ozone from TOMS data.

Three-dimensional studies of ozone dilution with vary-
ing degrees of complexity have been performed by sev-
eral groups.Cariolle et al. [1990] introduced an ozone
loss consistent with 1987 Antarctic ozone hole condi-
tions into a three-dimensional general circulation model
(GCM). The model employed linearized ozone photo-
chemistry, but allowed the calculated ozone to interact
radiatively with the general circulation model. An 11-
month model integration revealed a residual ozone de-
struction in the southern hemisphere summer of 0.8% with
the midlatitude spread limited to a region between 390 and
470 K (approximately 100 hPa to 35 hPa).Grose et al.
[1990] performed a similar study with a three-dimensional
GCM/CTM with a complete gas phase chemistry scheme
run in an off-line manner. An ozone loss was imposed on
the model consistent with the latitudinal and vertical ex-
tent of observed southern polar ozone depletion. One year
following the imposition of the ozone hole, a small, but
significant, residual deficit in southern hemispheric col-
umn ozone of approximately 1% was calculated.Prather
et al. [1990], using a three-dimensional CTM with lin-
earized ozone photochemistry, performed a multiyear in-
tegration with an imposed ozone hole and examined its
dynamical dilution. After 1 year, the calculated residual
ozone deficit was 2% at latitudes as far north as 40ÆS. With
the hole reimposed 1 year later, the cumulative decrease
during the second year was 20% more than at the end of
the first year.

More recently,Mahlman et al. [1994] examined the
problem using the Geophysical Fluid Dynamics Labora-
tory (GFDL) SKIHI GCM. An ozone hole was imposed
and allowed to recover using parameterized chemistry.
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The 4.5-year simulation compared to a control experi-
ment showed a long-term accumulation of ozone loss as
ozone reductions (greater than 2% poleward of 30ÆS) re-
mained at the beginning of subsequent southern winters.
They suggested that the potential exists for a positive
temperature-chemical feedback as the lowered ozone lev-
els led to progressively colder temperatures and the poten-
tial for enhanced ice cloud formation.

Until recently, multiyear simulations of the three-
dimensional evolution of the middle atmosphere with a
GCM having a reasonably complete representation of both
gas phase and heterogeneous chemistry have required pro-
hibitively large amounts of computational time. The present
study differs from previous three-dimensional modeling
studies of ozone dilution in that it uses a comprehen-
sive stratospheric gas phase chemistry scheme as well
as simple, but reasonable, parameterizations for chem-
istry occurring on both polar stratospheric clouds and sul-
fate aerosols. Previous three-dimensional studies have
used either linearized ozone chemistry or have imposed
ozone holes representative of observed conditions. We use
the NASA Langley three-dimensional general circulation
model (GCM) and chemistry transport model (CTM) to
investigate the possible impact of ozone dilution on the
global ozone budget.

The paper is organized as follows: The following sec-
tion describes the three-dimensional model and the mul-
tiyear simulations which were performed. The results of
these experiments are then presented and contrasted with
those of other investigations and with observations. In the
final section, we summarize the results and outline plans
for some related experiments.

Experiment Description

The NASA Langley Research Center three-dimensional
GCM and chemistry transport model (CTM) are used in
this study.Eckman et al. [1995] recently presented a full
description of the CTM and discussed its performance in
simulating Antarctic ozone depletion compared with ob-
servations. The model used in the present study is essen-
tially identical to the one used in the above work. Briefly,
the GCM is global in extent and uses a spectral representa-
tion of the dependent variables in the horizontal dimension
with triangular truncation (zonal wavenumber 16 (T16), in
the version employed for this study). The model vertical
domain spans the surface to approximately 60 km in 24
levels. There are 14 levels above the tropopause with a
vertical resolution of approximately 3 km. Fifteen chemi-
cal families of individual constituents are explicitly trans-
ported. They are odd oxygen (Ox=O + O(1D) + O3), total

odd nitrogen (NOy=N + NO + NO2 + NO3 + 2N2O5

+ HNO3 + HO2NO2 + ClONO2), HNO3, total inorganic
chlorine (Cly=Cl + ClO + HOCl + HCl + ClONO2
+ 2Cl2 + 2Cl2O2), N2O5, H2O2, HCl, ClONO2, N2O,
CFCl3, CF2Cl2, CCl4, CH3Cl, CH3CCl3, and a proxy
for condensed phase nitric acid. Bromine chemistry is
not included in the present simulation, which partially ac-
counts for a smaller calculated southern polar ozone de-
pletion than observed. An “off-line” transport approach is
employed. The winds and temperatures calculated by the
general circulation model are used as inputs to the CTM
in the calculation of chemical sources and sinks and the
advection of the constituents. There is no feedback be-
tween the CTM-calculated ozone and the GCM radiative
algorithm in this version of the model. We use annually re-
peating wind and temperature fields for the multiyear sim-
ulation. This removes any possible ozone response due to
interannual variability and simplifies the interpretation of
the trend results.

As discussed byEckman et al. [1995], the breakup of
the model southern polar vortex is slower and more ra-
diatively controlled than indicated by observations. The
weaker dynamical activity in the model during the vor-
tex breakup period results in the export of ozone-poor air
to midlatitudes taking place more slowly. However, the
relevant timescale for ozone dilution is the ozone replace-
ment time in the lower stratosphere which is on the order
of months to a year, depending on latitude [e.g.,WMO,
1989]. To better characterize the export of air from the
vortex, we have run an experiment with the CTM in which
a tracer was initialized in the southern vortex region during
July and followed for 1.5 years. By December of the first
year, the tracer had already dispersed to approximately
30ÆS. The export of material well into midlatitudes within
2 months of the maximum ozone depletion confirms that
the export of material from the vortex proceeds much more
rapidly than the ozone replacement time in the CTM.

We performed a 5-year baseline simulation which in-
cludes both gas phase chemistry and reactions occurring
on background sulfate aerosols. The sulfate distribution
is taken fromWMO [1992] and we use values 2 times the
minimum levels which are representative of the late 1980s
[e.g.,Garcia and Solomon, 1994]. Three additional mul-
tiyear runs were made using the same GCM flow fields
and initial chemical conditions, but including a parame-
terization of the reactions occurring on polar stratospheric
clouds (PSCs). Different formulations for denitrification
were used in each run. In case A, the denitrification is
identical to that described byEckman et al. [1995] where
nitrogen is removed with a 5-day time constant when tem-
peratures fall below the PSC type II threshold temperature
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of 186 K. When temperatures are above this level but be-
low the type I threshold, a weak denitrification with a 30-
day time constant is imposed, similar to the scheme em-
ployed byGranier and Brasseur [1992]. A second simu-
lation, case B, differed from case A in that denitrification
occurs only when the GCM-calculated temperatures fall
less that 186 K and uses a removal time constant of 30
days, in line with particle fallout times given byTurco et
al. [1989]. This leads to a more physically realistic re-
moval of odd nitrogen compared with case A. To explore
this sensitivity further, a third integration, case C, was per-
formed where no irreversible denitrification was allowed
to occur; odd nitrogen was returned to active forms when
temperatures rose above the PSC type I threshold temper-
ature. Interannual variability in stratospheric temperature
[e.g.,WMO, 1995] can lead to varying levels of denitrifica-
tion in the southern polar region. While these model simu-
lations employ cyclically repeating temperatures and thus
have no interannual temperature variability, these sensitiv-
ity studies provide some bounds on the impact of denitri-
fication on ozone loss and its subsequent export to lower
latitudes. The model presently does not include a mecha-
nism for dehydration, known to be important in the south-
ern polar stratosphere [e.g.,Kelly et al., 1989] as H2O is
not explicitly calculated.

The surface mixing ratios of the chlorine source gases
(e.g., F11 and F12) are fixed to levels recommended by
WMO [1992] which are appropriate to 1990 conditions.
The use of constant values in the model removes any in-
crease in ozone depletion due to the observed growth of
the chlorine source gases during the 1980s [e.g.,WMO,
1995]. Similarly, the solar ultraviolet irradiance was held
constant during the 5-year simulation. Therefore, no solar
cycle-induced component to the interannual ozone trend
is introduced into the calculation. These steps were taken
to isolate further the impact of transport and chemical pro-
cesses resulting from PSC-induced ozone depletion during
the multiyear simulation.

Results and Discussion

There is considerable observational evidence for the re-
duction of stratospheric ozone at midlatitudes during the
last 15 years [e.g.,WMO, 1995]. Stolarski et al. [1991]
derived trends in total ozone from the total ozone mapping
spectrometer (TOMS) instrument and found them signifi-
cant poleward of 20Æ in both hemispheres. Further analy-
sis of TOMS data yields total ozone trends with values of
about 3–5%/decade at midlatitudes in both hemispheres
[WMO, 1995]. Figure 1 (adapted fromWMO [1995],
Figure 1-7) shows trends derived from measurements by

the Nimbus 7 solar backscatter ultraviolet spectrometer
(SBUV) and the ground-based Dobson spectrometer net-
work which are in good accord with the TOMS results, at
least prior to the eruption of Mount Pinatubo in 1991.

Measurements by the stratospheric aerosol and gas ex-
periment (SAGE) I and SAGE II instruments show that
the ozone loss occurs primarily below 20 km at midlat-
itudes [McCormick et al., 1992], although there are dif-
ferences in the magnitude of the SAGE-derived column-
integrated ozone trend when compared with ozonesondes
and other space-borne instruments [WMO, 1995]. In the
25–30 km range neither satellite nor ground-based instru-
ments measure statistically significant trends during the
1980s [WMO, 1995].

Trace Gas Seasonal Evolution

Plate 1 shows model results of the temporal evolution
of column-integrated ozone on 4 days separated by ap-
proximately 3 months during the second and third years
of the simulation for case B employing an orthographic
projection centered at 60ÆS latitude and 105ÆW longi-
tude to highlight southern hemisphere polar processes. By
April, column ozone levels have recovered from the previ-
ous year’s minimum of approximately 145 Dobson Units
(DU). Some ozone depletion is evident in July, due to
a combination of both PSC and sulfate aerosol process-
ing. The collar region of high column ozone surrounding
the pole increases throughout polar winter and maximizes
in southern polar springtime, consistent with TOMS to-
tal ozone observations [Newman et al., 1993]. Maximum
ozone depletion is seen in mid-October followed by a
gradual recovery during the later spring period. By the fol-
lowing January (year 3), column-integrated ozone values
have substantially recovered in the area around Antarctica,
but the collar region of high ozone surrounding the pole is
at much reduced levels due, in part, to the normal seasonal
decrease of this region during the austral summer. For this
time period, the collar region is stronger in the baseline
simulation (not shown). This suggests that the impact of
the dilution of ozone-poor air to lower latitudes is also a
factor in the reduced strength of the collar region in the
case B simulation.

Vertical profiles of the modeled percentage difference
of zonally averaged ozone between the baseline simulation
and case B for each season are shown in Figure 2. The
solid lines (years 2 and 3) in each panel correspond to the
ozone column sums presented in Plate 1, while the dotted
lines (years 1 and 2) are for the same day in the preceding
year. Positive percentage differences represent ozone loss
resulting from PSC-catalyzed destruction.

During the first year, a small ozone decrease is noted
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in midwinter. By October, the majority of ozone depletion
occurs in the lower stratosphere below 30 hPa. The level
of maximum reduction in the model is somewhat higher
than observed in the atmosphere and is due to the model’s
cold midstratospheric polar temperatures triggering PSC
formation at somewhat higher altitudes than observed.

Following the breakup of the Antarctic vortex, addi-
tional transport of ozone-poor air toward midlatitudes oc-
curs, resulting in enhanced depletion at midlatitudes in
January with a local depletion of 12.6% at 36ÆS during
the second year (dotted line). Ozone reductions are main-
tained in the lower stratosphere throughout the follow-
ing model year. In July of the second year, ozone lev-
els are 9.5% less than the baseline run (which includes no
PSC chemistry). Calculated ozone depletion in the lower
stratosphere is 10.5% at 36ÆS latitude in October of year 2,
a carryover from the previous year’s springtime depletion
and subsequent dilution to midlatitudes.

The vertical profiles also show that a significant amount
of the ozone depletion resides below the 100-hPa level at
midlatitudes. This result is in agreement with the work of
Prather et al. [1990] who see a gradual mixing of ozone-
poor air into the upper troposphere. Little chemical ozone
destruction occurs below the 128-hPa level in the Lang-
ley 3-D model as heterogeneous chemistry is restricted to
the region above this level [Eckman et al., 1993]. In addi-
tion, the location of the modeled midlatitude ozone reduc-
tion is in reasonable agreement with measurements which
show maximum reductions at midlatitudes in the 15-20 km
region (approximately 120-50 hPa) [WMO, 1995]. The
modeled ozone reduction becomes insignificant at alti-
tudes higher than 25 km, again in accord with observa-
tions.

Model HNO3 at 45 hPa is presented in Plate 2 for April,
July, and October of year 2 and January of year 3 of the
case B simulation. By southern autumn, HNO3 levels have
recovered significantly from denitrification during the pre-
vious spring. In contrast, by October, a majority of the
HNO3 is removed from the atmosphere, consistent with
Upper Atmosphere Research Satellite (UARS) cryogenic
limb array etalon spectrometer (CLAES) [Roche et al.,
1994] and microwave limb sounder (MLS) observations
[Santee et al., 1995]. During January, recovery is pro-
ceeding, but levels of HNO3 are still approximately 3 ppbv
lower in the polar region compared with the baseline sim-
ulation where PSC chemistry is not enabled.

Figure 3 shows vertical profiles of the HNO3 mixing
ratio during the second through third years of the simu-
lation corresponding to Plate 2. The region of significant
denitrification, as represented by a depletion in HNO3, oc-
curs at substantially the same altitudes as the ozone de-

creases shown in Figure 2. At midlatitudes (36ÆS), lev-
els of HNO3 are much smaller than at high latitudes and
the reduction in HNO3 is small as a result of transport of
HNO3-poor air, reaching a maximum in a narrow region
near 30 hPa in January and April.

Active chlorine (Cl + ClO + HOCl + 2Cl2O2) levels
at 45 hPa for the July and October are shown in Plate 3.
During the summer and autumn, levels of active chlorine
are very low. Active chlorine reaches levels of approxi-
mately 2 ppbv during July, decreasing to about 1.3 ppbv in
October over a much reduced region of the southern polar
region in reasonable accord with MLS ClO observations
[e.g.,Waters et al., 1993;Santee et al., 1995].

Column Ozone Response

Plate 4 shows the column ozone results of the 5-year
simulation. The percent difference in column-integrated,
zonally averaged ozone between the simulations with and
without chemistry occurring on PSCs is plotted as a func-
tion of latitude and time. We use case B, described above,
as the simulation employing PSC chemistry. Negative
numbers represent a depletion of ozone with respect to
the baseline (no PSC) run. The formation and subse-
quent recovery of southern polar ozone during the south-
ern late winter and spring seasons is evident. The depth of
the maximum ozone depletion increases with succeeding
years of the simulation with levels ranging from 37% dur-
ing the first year to 43% in the fifth year. Column ozone
recovers during southern summer and autumn, but a col-
umn ozone depletion of greater than 10% remains before
the onset of the next ozone depletion cycle. The dilu-
tion of ozone-poor air from the polar region to midlati-
tudes progresses during the entire 5-year period with 1–
2% ozone depletions reaching 20ÆS latitude by the second
model year. A slow equatorward progression of the deple-
tion isopleths is seen. In the tropics, there is only a very
small (less that 1%) ozone reduction.

Comparison with our earlier three-dimensional model
dilution experiment [Grose et al., 1990] reveals that the
global impact on ozone is now larger and more persistent.
That experiment artificially imposed an ozone loss consis-
tent with observations only during the month of Septem-
ber and did not perturb any of the model’s other chemical
species. PSC-induced ozone loss could not occur at other
times or outside of a prescribed area at high southern lat-
itudes. In the current version of the model, temperatures
consistent with PSC formation occur at latitudes farther
equatorward.

In the northern hemisphere, some ozone depletion is
calculated, although the levels are greater than those typ-
ically observed during recent northern winter and spring



6

seasons. As noted byEckman et al. [1995] the model
cold-pole bias, a feature common to many general circu-
lation models, triggers heterogeneous chemistry at levels
in excess of those observed in the atmosphere. The slow
equatorward progression of ozone-poor air in the north
mirrors the southern hemispheric situation, albeit at much
reduced levels. Similarly, the maximum column ozone de-
pletion in the northern hemisphere grows slowly during
the 5-year model run.

Comparison with TOMS satellite and ground-based
measurements (see Figure 1) reveal areas of agreement
and disagreement with the model. While observations
show significant ozone reductions at midlatitudes in both
hemispheres of roughly equal magnitude, the model cal-
culates significantly more ozone reduction in the southern
hemisphere as a result of the export of ozone-poor air from
the polar region. It is, therefore, unlikely that ozone dilu-
tion, alone, can account for observed decadal trends in to-
tal ozone. The model results also show that ozone dilution
is not a source of a significant ozone trend in the tropics,
in accord with the absence of statistically significant mea-
sured trends in this region [e.g.,WMO, 1995]

The model-calculated ozone results were globally inte-
grated to examine the long-term stability of the baseline
simulation. In Figure 4a, the global ozone sum in Dobson
Units is shown for the 5-year period for both the baseline
(no PSC) and case B simulations. The baseline simula-
tion shows less than 0.15% decrease over the 5-year pe-
riod, measured at the annual peak occurring in springtime.
In contrast, the simulation with PSC chemistry shows a
marked decline during the period. This gives us confi-
dence that the derived ozone differences presented in Plate
4 are due only to PSC-induced changes in ozone.

The impact of ozone dilution on the global ozone bud-
get is presented in Figure 4b. The maximum globally in-
tegrated depletion in the first year of the model simula-
tion is 3.6% and rises during the remaining 4 years of the
simulation to 5.8%. The rate of increase of the integrated
ozone deficit is not linear, but appears to be reaching an
asymptotic limit during the final years of the simulation.
It is difficult to extrapolate this five-year result to make
comparisons with the observed decadal trends presented
in Figure 1. The percentage difference shown in Plate 4
represents the level of ozone deficit with respect to a sim-
ulation without chemistry occurring on polar stratospheric
clouds. This is an idealized result compared with the ob-
served trends reported during the 1980s which are with
respect to conditions where polar processes have been oc-
curring in a persistent seasonal manner. The model results
suggest that the dilution of ozone-poor air may be a plau-
sible contributing factor to the observed downward trends

in midlatitude ozone during the 1980s.

The majority of the ozone change takes place in the
southern hemisphere. Figure 5a shows that the maximum
integrated ozone depletion in the southern hemisphere
is 10.6% during the simulation occurring with the same
phase as the global ozone deficit. In the northern hemi-
sphere, Figure 5b shows that the change is relatively small
with a maximum ozone deficit of 2.5% with maximum de-
pletion during northern spring, roughly 180 degrees out of
phase with the global and southern hemispheric response.

Sensitivity Studies

To test the sensitivity of the residual ozone depletion
to the effects of denitrification and sulfate loading sev-
eral additional scenarios were run. In case A, presented in
Plate 5, the residual southern hemispheric ozone depletion
found during the summer is larger than in case B. Case A
yields much higher levels of denitrification than the other
cases run. Levels of HNO3 and N2O5 remain depressed
in the southern polar region throughout the summer and
autumn and do not approach the levels of recovery seen in
case B where a more physically based parameterization is
employed. Little change, however, is seen in the annual
deepening of the southern ozone hole in October between
the two cases.

Levels of HNO3 exhibit a continuous year-to-year loss
in both cases A and B. Figure 6 shows the zonally aver-
aged model HNO3 at 80ÆS in January for each year of the
simulation for case B. This loss of HNO3 is most rapid
during the first 3 years of the simulation and lessens in
later years. The annual decrease in HNO3 is greater for
case A which has a more rapid denitrification rate (not
shown).

An additional case with no irreversible denitrification,
case C, was run to test its impact on ozone depletion. In
this instance, while HNO3 was allowed to convert into the
condensed phase, it was not subject to sedimentation. As
expected, there is no change in HNO3 from year to year.
Case C yields ozone depletion and recovery results which
are very similar to case B. The depth of the Antarctic
ozone hole is nearly identical to that of case B. However,
the equatorward progression of ozone dilution is slightly
less rapid in case C with the 0.5% ozone decrease isopleth
located about 5Æ farther south after two model years when
compared to the case B result shown in Plate 4.

Prather and Jaffe [1990] showed that the export of air
parcels containing denitrified air sustained higher levels of
ClO which could have a local impact on the chemistry at
midlatitudes. If this air is already substantially depleted
of ozone, small increases in ozone are possible as a re-



7

sult of the reduction in NOx-catalyzed loss. While our
model results reveal substantial reductions in active nitro-
gen abundances in case B compared to the case C (where
no denitrification is allowed to occur) and an increase in
active chlorine, there is only a very small difference (less
than 0.3%) in the resultant depth of the ozone hole at mid-
latitudes. The lack of bromine chemistry in this version of
the model may inhibit our ability to accurately model the
impact of this chemical propagation.

These sensitivity studies reveal that the model calcu-
lation of the depth of the Antarctic polar ozone hole is
relatively insensitive to the level of denitrification. Ozone
loss due to type II PSC processes dominates that due to
type I PSCs as a result of the model’s cold-pole bias. The
three model cases do reveal that the equatorward progres-
sion of ozone loss is very weakly dependent on the rate of
denitrification.

Two additional 1-year runs were performed which are
identical to the baseline and PSC (case B) scenarios al-
ready described, but without background sulfate chemistry
enabled. The difference in column-integrated ozone de-
pletion in this instance was very similar to that presented
in Plate 4. There was somewhat less ozone depletion in
the northern hemisphere, but the latitudinal and temporal
morphology of the ozone decreases in the southern hemi-
sphere was nearly identical to the case with background
aerosol chemistry included.

Conclusions

A three-dimensional chemistry transport model simu-
lation of the long-term impact of ozone depletion on the
global ozone budget has been performed. The model ex-
hibits an annual austral springtime, high-latitude ozone
depletion in reasonable accord with observations. Other
trace species, such as ClO and HNO3 show similar re-
sponses when compared to UARS observations. The equa-
torward transport of ozone following the breakup of the
polar vortex reaches latitudes as far north as 20ÆS by the
first austral summer following the initiation of the experi-
ment. The year-to-year buildup of the depth of the ozone
hole is small, with an additional 6% contribution to the
depletion after the fifth model year. These results are in
general agreement with earlier experiments performed by
Cariolle et al. [1990], Prather et al. [1990], Grose et
al. [1990], andMahlman et al. [1994]. Despite consid-
erably different model formulations, a long-term, equator-
ward transport of ozone-poor air is calculated in all cases.
The level of residual ozone depletion and the rate of equa-
torward progression of ozone-poor air differs in detail de-
pending on the model considered.

Globally and hemispherically integrated ozone differ-
ences between the simulations with and without chemi-
cal processes occurring on PSCs suggest that ozone di-
lution can be a factor in explaining the observed down-
ward decadal trends in midlatitude ozone. However, our
results show significantly larger ozone reductions at south-
ern midlatitudes compared with the northern hemisphere
in accord with the modeling studies ofMahlman et al.
[1994]. As measurements show comparable decadal ozone
reductions at midlatitudes in both hemispheres, it is un-
likely that ozone dilution can be the sole factor driving
such trends. As mentioned in the introduction, in situ pro-
cesses occurring on aerosols [e.g.,Solomon et al., 1996]
may also be a factor in explaining observed trends, at least
at northern midlatitudes.

These results must be qualified as other factors such
as solar variability, increasing stratospheric chlorine [e.g.,
Jiang et al., 1996], volcanic injection of aerosols, interan-
nual dynamical variability, and the impact of the export
of dehydrated air to midlatitudes are not accounted for
in this model study. The present model simulations also
do not include the radiative-dynamical feedback explored
by Kiehl et al. [1988] andMahlman et al. [1994]. In
the latter study, a cooling of approximately 8 K at 50 hPa
was calculated near the pole in December during a 5-year
experiment using the GFDL SKYHI model. This raises
the possibility that enhanced PSC formation may occur in
later years leading to a deeper ozone depletion. The GFDL
model also revealed signs of altered stratospheric circula-
tion in response to polar ozone decreases.

Inadequacies in horizontal and vertical resolution may
also influence the results of this study. The ability of the
model to effectively resolve the very sharp gradients as-
sociated with PSC-induced chemistry requires adequate
horizontal resolution. The model does not precisely re-
produce the breakdown of the southern polar vortex. This
has implications on the rate of ozone dilution and makes a
detailed comparison of observed trends with model calcu-
lations difficult.

Simulations are underway with an enhanced horizon-
tal resolution (T32) version of the NASA Langley model.
This new model also explicitly includes the feedback of
the modeled ozone field on the radiative and dynami-
cal calculations and improved tropospheric physical pro-
cesses. We intend to report on these experiments when
they are complete.
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Figure 1. Decadal trends in annually averaged total ozone derived from TOMS, SBUV, and ground-based Dobson ozone
from January 1979 to May 1991. Adapted fromWMO [1995], Figure 1-7.

Figure 2. Vertical profiles of percentage difference in zonally averaged ozone mixing ratio for April, July, October, and
January between the simulation with PSC chemistry (case B in text) and the no PSC simulation at 80ÆS (left side) and 36ÆS
(right side) during the first through second (dotted lines) and second through third (solid lines) model years. Positive numbers
represent ozone decreases.

Figure 3. Vertical profiles of zonally averaged HNO3 mixing ratio (parts per billion by volume) for April, July, October, and
January during the second year for the simulation with PSC chemistry (case B in text, solid line) and the no PSC simulation
(dotted line) for 80ÆS (left side) and 36ÆS (right side).

Figure 4. (a) Globally integrated ozone in Dobson Units for the baseline (no PSC) simulation (solid line) and for case B
simulation (dotted line). (b) Percent difference in globally integrated ozone between case B and no PSC simulation.

Figure 5. (a) As in Figure 4b except for southern hemisphere only. (b) As in Figure 4b except for northern hemisphere only.

Figure 6. Zonally averaged vertical profile of HNO3 mixing ratio in January at 80ÆS for each year of the model simulation
for case B.
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Plate 1. Seasonal evolution of model-calculated zonally averaged, column-integrated ozone (Dobson Units) for April, July,
October, and January during the second year of the case B simulation.

Plate 2. As in Plate 1, except for HNO3 mixing ratio (parts per billion by volume) at 45 hPa.

Plate 3. As in Plate 1, except for Clx mixing ratio (parts per billion by volume) at 45 hPa.

Plate 4. Percent difference in column integrated, zonally averaged ozone between the simulation with PSC chemistry (case
B in text) and the no PSC simulation. Negative numbers represent ozone decreases.

Plate 5. As in Plate 4 except for case A with enhanced level of denitrification.
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